UNCLASSIFIED

AD NUMBER
AD433214
LIMITATION CHANGES
TO:
Approved for public release; distribution is
unlimted. Docunent partially illegible.
FROM:

Distribution authorized to U S. Gov't. agencies
and their contractors;

Adm ni strative/ Qperational Use; FEB 1964. O her
requests shall be referred to Ofice of Naval
Research, Arlington, VA 22203. Docunent
partially illegible.

AUTHORITY

ONR Itr dtd 15 Jun 1977

THISPAGE ISUNCLASSIFIED




THIS REPORT HAS BEEN DELIMITED
AND CLEARED FOR PUBLIC RELEASE
UNDER DoD DIRECTIVE 5200,20 AND
NO RESTRICTIONS ARE IMPOSED UPON
ITS USE AND DISCLOSURE,

DISTRIBUTION STATEMENT A

APPROVED FOR PUBLIC RELEASE;
DISTRIBUTION UNLIMITED,



UNCLASSIFIED

DEFENSE DOCUMENTATION CENTER

FOR
SCIENTIFIC AND TECHNICAL INFORMATION

CAMERON STATION. ALEXANDRIA. VIRGINIA

UNCLASSIFIED



BEST
AVAILABLE COPY



NOTICE: VWhen govermment or other dravings, speci-
fications or other data are used for any purpose
other than in connection vith a definitely related
government procurement operation, the U. S.
Government theredy incurs no responsidbility, nor any
obligation vhatscever; and the fact that the Govern-
ment may have formulated, furnished, or in any vay
supplied the said drawvings, specifications, or other
data 1s not to be regarded by implication or other-
vise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any vay be related
thereto.



TR-EE 64-5

OFFiCE OF NAVAL RESEARCH CONTRACT Nom-1100{24)

cnTaLoced By DDC 433214

PURDUE UNIVERSITY
SCHOOL OF

x5 AD No.

D. C. Polarization in a
Noniinear Dielectric Medium

at Optical Frequencies

A. K Kamal
and
M. Subramanian

Quantum Electronics Laboratory

February, 1964
Lafayette, Indiana

SUPPORTED BY
OFFICE OF NAVAL RESEARCH
WASHINGTON D.C.

NO.aTe

ELECTRICAL ENGINEERING

433214

'AR 3 01404



D. C. POLAR'*2ATION IN
A NONLINER DIELECTRIC MEDIUM
AT OPTICAL FREQUENCIES®

FIRST SEMI-ANNUAL
TECHNICAL SUMMARY REPGRT

December 31, 1963

Prepared for
THE OFFICE OF NAVAL RESEARCH
on
Contrancet No. Nonr—=1100(21)
Peoject Code 015=503
ARPA Order No.  306-62

by

A. K. Knmal
nnd
M. Sybramanian

Quantum Electronies Laboratory

school of Electrical Engineering
Purdue University
Lafayette, Indinna

Period covered

April 1 through December 31, 1963

rder the joint sponsorship of the

¢ This resenrch iz n part of Project DEFENDER, m
he Departe

Advaneed Research Projects Agency, the Office of Naval Resenreh and t

ment of Defense,



TABLE OF CONTENTS

LIST OF ILIUSTRATIONS .ccecccococsscscecccscoccecccsscosronce
ABSTRACT sevecooscsccssscscassccsssssaaavcssoocccccsscssssoce
INTRODUCTION ..ceecoscosssssssscsscsosssssvcssassssccsscocccss
Chapter 1. REVIEW OF EARLIER WORK ..ccccccccrsccscnccccccnns

Ll D. C. Polarization in a Nonlincar Dielectric
&dim .'...'....................................

1.2, Second Order Nonlincar Polarizationn ..cceccvvccsscsee
Chapter 2. D. C. POLARIZATION IN QUARTZ CRYSTAL .cccscescons

2.1, Propagation of Electramagnctic Wave Through

lez 'kdim .......O..l.....0.0................
2.2, Angular Dependence of d.c. Polarization for

z-uiﬂ mweation 90 0000000000000 00000000000s00 00
2,3, Encrgy Conclderctions ...eceecscscccsvcssccccccsscse

Chapter 3. DETECTIDG TEQWINIQUE AND CIRCUIT
m"smmTIm‘s ‘.‘...l‘............‘......................

3.1. Interaction Botween Mlectromagnetic Wave and
Ibtccting Circu‘try 0000000000800 0000000000000000

3,2. Output Hesponse for a Continuous Laser Deem
Promatina mrow\ the Medium 0080000000000 000 0

3.3. Low Frequency Intensity Modulation Detector ........

Chepter 4, APPLICATION OF THE PHENOMENON OF D, C. POLARI-
ZATION TO LASER POWER MFASUREMENT <eeovsccsccssccccncssnes

h.L Am‘mw v‘luc Pmm 00000 0000 00000000000 0000000
h.z. MIdcd PMr,ktcr 00 00 0 000 040 0000000000000 00OESIINDSSTOIOLS
ho)o Device Conclderations ..ccececceecccssscssesssssccnscs
l&.h. DIiecuUBBION .ececestoccccssccsscccscscsscssssccsssssne

Chaml‘ 5. mmsmms 0000000000000 00080009%00000

S‘L Qllu"t! mtcctor mt 0000000000000 00000000000000000
5020 Pl‘eﬂnplinel' c1l‘cu1t 000000000008 00000000000000000 0

Page

vil

h

O\ &

17
17

21

2l

28
29

111



50 e
50 ko
50 50
5¢ 64
50 70

5.8,
5¢ 9.

TABLE OF CONTENTS (Continued)

I"er .0..0I...0000.0“CCCCIICCIQCCCCCC.........0..0..
wrmn‘d mwmnt ...0...0.'.0................
m.e".tion ot dCCQ Pomiutlm ...0..............0'
Angular Dependence of d.c. Polarization ..eccecececss
Determination of the Second Order Nonlinear

w“iclenta ..I........0.0.C....0...........0...
Influence of Radius of the Beem on d.c. Voltage

mtwt ........0..0....0...0.00...................
Relation Between d.c. Polarization and Laser

Pmr Inun'ity .....C.O...0C.O.........I..I..I.O.

mmr 6. moywmmlms sseeversssescee

mmm 00..0.00.'000.0ccco0000000000--00..0..000.0000000

APPENDIX

vm .0..0..0.0...00..0...0.0!00.0...00000.IOICCCOOI..ICC.COOI



Figure No.

2.1

2.2

2.3

31

3.2

23
34

35

3.6

3.7

L.2

h.2
k.3

L.b
51

52

LIST OF ILLUSTRATIONS

Axcs Orientation for Deriving the Angular
Dependence of D. C. Polarization ....coceeeee

Configuration to Determine the Relationship
Between Do C, Polarization and 8 ..eeevverscn

Rotational Dvpendence of p, on 0 for z-axis
Propagation ...eecccscvssieicarsorosccncccnes

Detector Model Aseumed in Section 2.1 .ievevesss

Configuration for Potcntial Described by Egs.
(}-l) and (jo?) 000 50 060000000 000000000000000

The Quartz Detcctor with Ixternul Circultry ....

Equivalent Circuit for the Configuration of
Fls. (joj) o000 00000000000 0000000000000

OQutput Responee to a Continuous Laser Bean
Travelling Through the Nonlincar Mediwm .....

Output Recponce to a Sinusoldally Intensity
Modulated Beam Travelling Through the
Nonlinear Medium ,...ccccvieceonessrsnncansns

Output Responsc to an Actual Laccr Pulse .......

Cross-Section of the Quartz Rod with Concentric
hﬁcr mm S S 0 00 00000 00460000006 8800 5800008008080

Equipotential Lines Outaide the Quarts Mediwm ,,

Equivalent Circuit Model of the Quartz De-

tCCtOT © 0 00000000000 0000000008080000800000s000s0S

Output Response to a Square lLaser Pulse ........
Perepective Veiv of the Crystal Mount

(EENNRENNY S

(hlt-A\R\Y Vci\f Of the Q\lutz D.}tector t00000000 0

15

15

&

N

& & R

32

k)

W3
u3
v7
%8



53

5.4

535
5.6

57
5.8

509

So 10

51

5.12

Ad
A2

AD

Ab

LIST OF ILLUSTRATIONS (Continued)

Orientation of Crystal Axes vith Respect to the
mctme. ...................................

Pre-plifier Circuit m.&r- s6000000000000000 000
mmrd Wrmnm krwnt ee0000000secccee

Camparison of Output from Quartz Crystal vith
mt ﬁmcm.m 0000 000600000000 00000000000

Angular Dependence of 4. ¢. Polarization ........
Crystal and Electrode Assembly Dimensions .......

Experimental Arrangement for Verifying
M'iu Efr‘ct 00000600060 0000000000000 000000 00

Camparison of Quartz Detector Output due to
Focused Laser Beam vith that of Non-focused

Dependence of d. c. Polarization on Laser Beam
mten'ity .........l..........................

Peak Detector Output vs. Peak Laser Power

mtwt 0000000000000 000000000006 000060000000000

mim.timmthc :'m 00000000000 00000000 0

Configuration in the v-plane Obtained by Linear
Transformation of F1g (A l) .eeeevvcercrcccns

Tvo Sheeted SBurface in the v-plane Obtained by
Adding to Pig. (A.2), 1ts Complimentary

p‘rt 00000000000 0000060000 0000000000000 000060000

Configuration in the f-plane Obtained dy Using
the miptic Function v = (g) €000 0c00000000 e

Page

50

e % &

b

67

15

15



vii

ABSTRACT

Subremanian, Mehadevan, Ph. D., Purdue Univereity, January, 196k,

D. C. Polarization in a Noniinear Diclectric Medium at Optical Fre-
quencies. Major Professor: Aditya K. amal.

Investigation of nonlincar propertics of materlals at opticel fre-
quencies has been made possiblc with the develoment of high power
lasers, One of the nonlincaritics encountercd is the second order
polarization in dielectric media that lack inversion symectry. The
sccond order nonlinear polarization gives rise to generation of second
harmonic and d.c. components, The scope of this thesis concerns vith
the latter phenamenon.

The quartz crystal 1s chosen as the dielectric mediwa, A quanti-
tative relationship between the d. c¢. polarization and the intensity of
the propagating laser beam 1is developed by follovwing a phonomenological
approach. A convenient method of detecting the d. c. polarization is
presented. With this technique the eclements of second order polarize-
tion cocfficient tensor can be determined experimentally. The cecond
order polarization term 18 responsidble for transferring energy from
the fundamental to the cecond harmonic. It 1is shovn that it cannot,
hovever, transfer any energy to the d. c. couponent. Thus, optical
power rectification is not possible.

By considering a suitable detecting system with a convenicnt con-

figuration of the quartz crystal, it is shown that the output voltage



viii

of the detector is linearly proportional to <he intensity of the laser
pulse. Thus the possibility of ueing this principle to build e
tranmmission type of meter for measuring power in high power laser
pulses is presented.

Same of the theorctical results have been proved by experiments,
One of the tvo elements in the second order nonlinear polarization
coefficient tensor has been shown experimentally to be in the order of
10'8 e. 8. W Also the linear relationship betveen the detector oute-
put and the laser intensity 1is verified, confirming the feasidbility of

applying this principle for laser power measurement,



INTRODUCTION

The advent of lascr has initiated great interest in the investiga-
tion of the nonlinear properties of materials et optical frequencies,
The laser is claimed to have many potential applications same of vhich
use the nonlinear properties of materials, These nonlinearities though
may be insignificant at the ordinary pover levels that were hitherto
encountered, are brought to perceivable significance by high pover laser
beams. In an unfocused bemm of & pulsed rudby laser cne can now obtain
pover in the order of megavatts and higher. This can be increased fur-
ther by orders of magnitude with the help of external Q-svitching ar-
ranguments,

One of the nonlinear properties of a material that came into early
observation is its dlelectric property, The nonlinear susceptibilities
bave already been used for mixing and harmonic generstion (1, 2,3]. The
observation by Franken, et. al (1] of the second harmonic by passing
ruby laser beam through crystals that lack ioversion symmetry motivated
{nterest in the investigation of the 4. c. polarization that should
accompany the second harmonic generation. After the preliminary analysis
and experiment vith quartz crystal gave positive indication of the existe
ence of d.c. polarization the project vas continued vith the falloving
obJectives.

1) To establish fimly the existence of the d.c. polarization.

Bass, et. al (4] have since reported observing the d c.
polarization.



11) To cstimate the second order nonlinear polarization coef-
ficient tensor for quartz crystal.
111) To investigate the feasidbility of applying this phenamcnon
for laser power measurcment.,

The concept of d.c. polarization is developed in the early part
of Chapter L. The rest of the chapter is devoted to a brief reviev of
the earlier vork done in the ficld.

Sinoe the comventional approach of propagation of electramagnetic
vave in & mediim docs no longer apply for the degencrate case of d.c,
s simple method of analyzing the d.c. part is presented for the specific
case of quartz crystal medium in Section 2,L The angular dependence of
the d.c. palarization on the polarization direction of the radiation
field is presented in Sectiom 2,2, This {s an important result in the
experimental confimmation of the phcnomenon of d.c. polarization. Many
crystals that develop d.c. polarization have non-zero pryroclectric
coefficient, In the experimental observation one has to distinguish
carefully between these two camponcnts, Whercas the pyroclectric
voltage is developed in a unique direction, the d.c. palarization, as
shown in Section 2.2, has a coc 20 variation vhen the crystal is rotated
about its axis, Scction 2,3 proves that no cncrgy conversion is possible
using this principle, cven though the d.c. polarization rcsembles rece-
tification in the electrical circuits.

Chapter 3 serves the purpote of explaining the interaction between
the d.c. ficld set up by the propagating laser beam and the dctecting
circuitry. A simplificd model of a parallcl plate capacitor is chosen

and the cquivalent circuit of the model {s derived. The fact that the



system cannot deliver any d.c, power 1o confirmed fram the circuitry
point of view. Howcver, the possibility of low frequency intensity
modulation detection is explained.

The ruby laser output beam i¢ normally circular in cross-section.
For high power operation it is puleed, and one often nveds to knov the
exact intensity of the laser pulse which 1s being uped for same exter-
nal application. Thus a tranmission-typc of power mcter would prove
more beneficial than cither the calorimetric techniques vhich mcasure
only energy or the photodetecting devices vhich need periodic calibra-
tion. The application of the nonlinear d.c. polarization to power and
energy mcasurement 16 described in detail in Chapter 4, The theory is
presented und a practical model {s suggested. It is showvm that the
output of such a device will indicate directly the powver content in
the laser beam.

The construction of the quartz detector mount and the experimental
arrangenents and results are given in Chapter 5. Sumary and conclu-

sions are presented in Chapter 6,



Chapter 1

REVIEW OF EARLIER WORK

Although considerable progress has been made in the field of, non-
linear optics both in theory and experiment on generstion of harsonics,
electro-optic effect in solids and liquids, etc., not much has been re-
ported on the d.c. polarization. Franken and Vard (5] have presented a
good summary on nonlinear optics in their reviev article. In this
chapter the concept of d.c. polarization is developed by assuming a
simple mathematical model. It {s followed by a reviev of the theoreti-

cal wvork that has been done on the phencmenon of d4.c. polarization.

1.1, D C Polarization in a Nonlinear Dielsctric

Medim

The phenamenon of d.c, polarization can be easily explained by
asswming & scalar mathematical model for the polaritation. Consider an
electramagnetic vave propeagating through a nonlinear medium. In the
scalar form, the polaritation p may be vritten as a pover series in

terms of the electric field E that gives rise to 1it,

p-n18+52£2013l.‘50--- (1)

vhere 8, 8,y l), +.o are called the first, second, third, ... order
polarization coefficients. In writing Eq. (L.1), the grsdients of the
E field have been neglected for simplicity. Writing the radiation

field intensity E = E_ cos wt in Eq. (1.1), one has



.
2p2
P =l cos ut+ 2Eo(1¢c012u&)

s
+ -3 on() COB Wt + COB But) + oo (L.2)

The first term in the right hand side of Eq. (1.2) represents the
linear polarization and has the seme frequency as the inducing field.
The second term on the right hand side generates a d.c. component and a
second harmonic camponent. It ia observed that the term vhich ia res-
poasidle for the second harmonic generation also causes the d.c. polari-
zation. Contridbutions to d.c. polarization fram terma higher than the
second order ia neglected in the present diacussion. In experimentally
determining the value of the second order noalinear coefficient, the
d.c. camponent vill be the only part that vill be of intercat. Thia i
due to the fact that whercae the d.c. polarization depends only on the
magnitude of the second order nonlinear coefficient and the power con-
tent of the besm, the second harmonic generation is also greatly in-
fluenced by the phase matching conditiona.

The generalized expression of Eq. (1. 1) ie of tensor form and
also includes the contributions to the polarization duc to gresdient of
the electric field intensity. In the absence of any external biasing
electric or magnetic fields the total polarization in a nonlinear di-
electric medium due to a propagating clectromagnetic wave may be ex-
pressed as a power series in terms of the camponents of the electric

field and fta gradient.
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vhere P is the 1t'h spatial canponent of the polarization ;, X's re-
present the various orders of polarization coefficient tensors, v's
denote the gradient operation, E's are the cpatial camponents of the
electric field intensity and % the free space permittivity. Franken
and Ward (S) have discussed the physicel significance of the various
terms in Eq. (L.3). It 1s enough to mention here that the only term

in the right hand side that can cause d.c. polarization in a medium is
the second order term. The magnitude of d.c. polarization due to terms
of higher order than those in Eq. (1.3) can be neglected ss campared
vith that of the second order term since the contribution to palarization
decrecases as the ratio of the elsctric field intensity E of the electro-
magnetic vave to the etamic electrie field intensity Eutcnic

(r:/t:.t c'm) for each additional E factor added (5). The symmetry con-
siderations in a crystal that lead to the presence of the second order

term vill now be discussed,

1.2. Second Order Polarization

It has been shown in the previous section that the only significant
term 1n Eq. (1.3) that contributea to the develomment of d.c. polarizstion
is the quadratic term. Hence only this term will be considered hereafter,
Revriting Eq. (1.3) vith only the second-order term present, one haa

xuk EJ Ek (L&)



In Eq. (L4) the order of E.)Ek ia not physically significant. This

facilitates the reduction of the 27 elements of the third rank tensor

of Eq. (1.k) to 18 clements due to the symmetry property

"“k \ xu.g (1.5)

One can nov use the piezoelectric tensor reprecentation (6] and rewrite

Eq. (L.h) en
pi-X“ sJ (1 =1,2,3% J=1,2, ..., 06) (L6)
vhere X“ 1s the contracted form of X“x and SJ‘n arc as defined belov
, 2 2 . .g° . _
sl'!‘x ; Se-Ey 3 85 E:z 'Sh EEz,bS B‘Ez,
86 - E‘Ey

It can be shown [5) that X . = O for crystals that possess an inversion

1
symmetry. This leaves only 21 classes of crystals to be considered.
Since X“ possecsscs the same symmetry properties that the pilezoelectric
modulus does, the non-vanishing terms in X“ are the same as that in
the piezoelectric modulus.

Amstrong, et. al. have shown [T] theoretically that the second
order polarization tensor 1s the samc a8 the electro-optic tensor. Ac-
cording to their approach, the local field Eloc acting on an atom can be
vritten explicitly in terms of the external electric field E and the

fields due to the linear polarization ?;' and the nonlinear polarization

?ﬂ:. Thus



" P
!'.1 + 3¢—° (L7)

i;l.
oc-§+3-¢—

vhere < is the free space permittivity, The displacement vector D
occurring in Maxvell's equations describing a macroscopicelly isotropic

nedium {s then given by

3-:02+§L+F’L (1.8)
If the linear polarization is described as

Pae x (1.9)

vhere X {s the linear polarization cocfficient, then it follovs from

Eqe. (L7) ana (L9),

¢ X
. =ige 25 B g " X P (1.10)
3 3

From Maxwell's equation for linear mecdiim

il cfe, - 1) F (1.11)

vhere < 1o the linear relative diclectric constant. Equeting the coef-

ficients of E in (1.10) and (1. 11), Eq. (L 10) may be rewrittcn as

4 e (& =-1)
Foaife, s 1) By g (L12)

o

From Eqe. (1.8) and (1.12), it can be shown that



3-:30-"—;-2-?“' (1.13)

vhere ¢ = ‘o‘r' If we define

Backt P (L16)

vhere 'l’u's {s the effective nonlinear source of polarization, then from

Eqs. (1.13) and (L. 14)

€ +2

Pus L (L15)

Thus the effective nonlinear polaritation source term 1s ((r + 2)/3 times

the true nonlinear polarization. The latter 1s calculated fram the

folloving relationship (7)

L PR T N N (126)

vhere £ is a third rank tensor.
The above procedure described for an isotropic medium also holds
good for the case of an anisotropic mediwm. Amstrong, et. al. (7] heve

proved the following relationship for the latter case.

PI000,) = e Ry = oy + ) ¢ Fysy) Byloy) (117)

vhere i”m is the effective nonlinear polarization developed at the sum
frequency of u} LT u2 due to the interaction of two propagating vaves

with electric field intensities 31 at frequency “w and 32 at frequency W



-

->
R1s egain a third rank tensor. It is further shown (7) that the

tensor X, .. in Eq. (1.17) follows the symmetry relationship

13k

xux(“‘j R LR T O 4) - ch("'l Wy %) (L)

There are the folloving two interesting ceses of Eqs. (L17) and (1 18)
corresponding to
1) by -, .
W - 0
2) Wy
“w, * 0

Pre0) = %, (0) Ey(o) B (w) (1.19)
Prou) = X0, (w) Eg() B (0) (1.20)

Eq. (1.19) describes the d.c. polarization effect and Eq. (120) des-
cribes the linear electro-optic effect. The lincar electro-optic
effect is the change in the dielectric tensor of the mediwm due to an
applied d.c. electric field. PFrom symmetry considerations expressed
by Eq. (1.18) and from Eqs. (L.19) and (1.20) 1t follows that the second
order polarization tensor is the same an the linear electro-optic

tensor,

10



Chapter 2

D. C. POLARIZATION IN QUARTZ CRYSTAL

2.1. Propagation of Flectromagnetic Wave Through

Quart: Medium
The propegation of an electramagnetic vave through a nonlinear

med{um has already been considercd in detail by various authors (7, 8)
from both the quantim mechanicel veivpoint and the phcnanenalogical
approach. While considering the interaction betveen various vaves
propegating in the medius, onc has to take into cansideration such
effects as the digpersion in the mcdiuwa and the phase velocity of each
vave component, and co forth. However in the case of 4.c. the phase
velocity 1s infinite and there 16 no propagation of the veve at zero
frequency. The approach to the problem becames different, The follov-
ing analysis is made for the propagation of an electramagnetic wave
through a nanlinear quartz mediies by classical methods. It 1s assumed
that the medium is non-dissipative and infinite in extent,

Quartz crystal belongs to clase ’2; that is, it has a 3 fold
syrmetry along the z-axis or optic axis and 2 fold symmetry along x-
axis, Due to these syrmetry considcrations, the second order nonlinear
coefficient tensor X“ for quartz can be written in the form eimilar to
ite piczoeclectric tensor (9) which is shown belov

o - 0 B 0 o
"u"e'l; 0 0 0 0 - -2 (2.1)

o 0 0 0 o o



vhere a and P are constants. It is evident that there are only two
{ndependent elements in the entire matrix. Oubstituting Eq. (2.1) 1n

Eq. (1.6), one has

2
px a - 0 B 0 0 Bx
2
- - E 2.2
3 o 0 o0 0 - - A (2.2)
o o o 0 0 O e?
Pz 2
E B,
E E
T X
B E
Expansion of Eq. (2.2) gives
2 2
px-a(Ex 'Ey)*‘”:ys,
B = -PE E, -2 E E (2.3)

2 40

If vo cansider a vave to be propagating along the optic axis of

the crystal, thenE_ = O and Fqs. (2.3) reduce to

2 2
px-a(Ex -Ey)
B - EE .
Py aaxy (2.4%)
p, =0

It should be noted that no mention has so far been made about the



characteristico of the propagating wave. Thus Egs. (2.4) are valid for
any type of polarization of the propagsting vave, elliptical, circular
or linear. To take this into account one can express the camponents of
the electric field explicitly by specifying their amplitudes and phase
angles. For a plane vave that is arbitrarily polarized the transverse

components of the electric field intensity can be vritten as

E =8 cos(uwt + °x)
(2.5)

xy -a cos(ut + ay)
mn&nndaymtbc upntudunndbxmdbymthemmalﬂ
along the x- and y-axes respectively. Fram Eqs. (2.4) and (2.5) the

components of d.c. polarization can be vritten as follovs

(2.6)

" -aa 8 c:oo(bx - by)

Hence the magnitude of 4. ¢, polarization is given by

2_ 2, 2
Ipl€=p +p

.9:-[(.: + uyu) + 2.: lyz cos 2(0x - by)] (2.7)

For an elliptically polarized vave o, & and (tsx - ay) are arbitrary

and therefore the d.c. polarizatiom is given by Eq. (2.7).
For circularly polarized wvmve

T, e (2.8)

13



5, -8 «%E (et 13, %s5..) (29
Substituting Eqs. (2.8) and (2.9) 1n Eq. (2.7), one obtains

|p| =0 (2.10)

Thus there exists no d.c. polarization if the propagating vave is cir-

cularly polarized.
For a lincarly polarized wvave L. and ny are arbitrary and

6, -8 =mn m=o0, ¥1,%2,...) (2.11)

Substituting Eq. (2.11) in Eq. (2.7) and taking the square root of both
sides, it followe that

el =% (tf + ay"’) (2.12)

The direction of the 4, c. palarization caused by the linearly

polarized vave can be determined by considering Fig. (2.1), where xx
and y'y' are arbitrary choice of coordinate axes and xx and yy the crystal
axes. Without loss of generality it can be aseumed that the direction of
polarization of the laser bemn is along x.x' direction naking an angls
O with the x-axis of the crystal. From Eqs. (2.6) and (2.11) it follows
that the d.c. polarization along thc crystal axes are

ak?

cos 20
a so"‘ (2.13)
Py "% sin 20

p =

L



Fig. 2.1 Axes Orientation for Deriving the Angular Dependence
of . ¢. Polarization for Propagation Along z-axis

T |

~Y

y

Fig. 2.2. Configuration to Determine thc Relationship Between
d.c. Polarization and B

15



vhere !.‘o cos wt is the electric field intensity of the incident ra-
dlstion. From Eqs. (0.13) and Fig. (2.1), it can be seen that if the
incident polarization makes an angle O vith the x-axis, the d.c. pola-
rization vector makes an angle - 20 with it. Also fram Eqs. (2.13),
the magnitude of the d.c. polarization in terms of the electric field
intensity of the radiation is given by

a t:o"’

Eqe. (2.12) through (2.14) give the relationship between d.c.
polarization and only one of the elemcnts of the second-order nonlinear
polarization cocfficicnt tencor., To obtain a similar rclationship
betwecn the d.c. polarization and the other clement fi, comsider the
configuration shown fn Plg. (2.2) vhiere x, y, t are the crystal axes,
The elecctric ficld intencity vector R -ﬁo cos «t makes an anglc y vith
the x-axis and an angle § with the y-axis. Then the campanents of E

along the three axes are

}x - !"o cos ¥
ki, + K, oin y cos ¢ (2.15)

E, = E oiny sin §

Here, the frequency dependence has not been explicitly written, but

is implied, Fram Egs. (. %) and (9.19) onc obtains

6 E02 2
5 oin° 7 sin of

LRy 202 [c002 y - 8in° y cos® ‘] +

(2.16)
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If the E-vector is made to lle in y-z plane, 7 = 90° and Eq. (2.16)

reduces to
2
g E
0 2 2
P, -——-2-—51::2‘ -aE" cos [ (2.17)

Eq. (2.17) thus yields an exprescion for the d.c. polarization vhich
1s dependent on both the parmmeters, a and p. Eqs. (2.13) and (2. 17)
suggest a method of the peasurcment of the cocfficients a and B by

measuring the d.c. polarization.

2.2. Anmular Dependence of D. C. Polarization for

2-axis Propagation

It ic evident from Egs. (2.13) and (2.16) that the direction of
d.c. polarization depends on the orientation of the E-vector vith
reépect to the crystal axes. The angular dependence of d.c. polariza-
tion for the case of the propagation along z-axis can be determined
from Eq. (2.13) and Fg. (2.1). Onc observes from Eq. (2.13) that with
the incident polarization fixed in space, a8 the crystal is rotated
ebout its z-axis through an angle O, the d. c. polarization vector is
rotated through an angle 20 in the opposite direction. Thus if the
crystal is rotated at the rate of @, the d.c. polarization vill rotate
at the rate of 20. This is represented in Fig. (2.3).

As mentioned in the introduction, this angular dependence will be
one of the important tcsts in the experimental verification. It vill
gserve to distinguish between the pyroclectric voltage vhich is developed
in & unique direction and the d.c. polarization voltage.

2,3 Energy Conniderations

Thie section deals with the energy and power relationships for an



Plg. 2.2.

Hotational Dependence of p. on @ for z-axliu
I'ropegation
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electromagnetic vave propagating through a nonlinear mcdiwm. The pro-
cedure followved begine with Maxwell's cquations for vacuum amd then
incorporates the interaction of the wave vith the mcdium by including
the distridution of chargees and currcate. Maxwell's electrodynmmic

equation for a medium at rest is given by [10)

Vx!--g—f (2.18)
y o«
vx B '"o(Jtrue #%g-o ox .+ % %}é) (2.19)

In Eq. (2.19), magnetic induction vector B can be replaced by the meg-
netic inteneity vector ﬂ, B L ﬂ, and 1 may be set equal to zero, since
only non-magnetic media are of interest in the present vork. It 1
further assumed that the dlelectric medium 1s lossless vhich rcduces

Eqs. (2.18) and (2.19) to

sz--uogg (2.20)
oxil= % [¢°§ N i‘] (2.21)

It 1s vorth mentioning here that nonlinearity fe implicit in Eq. (2.21)
since T 1o canprised of lincar ac woll as nonlinear polarization terme
as expressed by Eq. (L 3). Taking the scalar product of Zq. (2.20) vith
i and Eq. (2.21) vith T and subtracting tho latter from the former, one

obtaine

L F
“' t =0

+<°§-g-§+3-5— (2.22)

-
9.
0#"0

vhere 8 = F x 1l 18 the Poynting vector. Eq. (2.22) 1s the well known



energy balance cquation of the systcm. To put it in a more familler
form, ve define the coergy deneity per unit volume in the mecdium as U,

Then

g‘é-'é- %g (2.23)

Eq. (2.22) can nov be vritten ao

]

St ° (2.24)

A" =+u°§- %g+ tofo g%+

Eq. (2.24) shove that the pover flow out of the medium 1s equal to the
rate st vhich the stored energy in the electromagnetic field is de-
creasing [(- Moﬂ . oll/at) - (co T . 3f/at)) plus the rate at vhich the
material is doing work on the electramagnetic field (- /).

Restricting our attention to the d.c. part produccd by the second-
order nonlincar term, it is obvious fram Eq. (2.23) that there is no
net transfer of energy fram the wave under stcady otate conditions.
This does not mean, howcver, that there 18 no energy transfer vhen the
field is turned on. In fact, the wvave does vork oo the syctem to es-
teblish the d.c. field. It will be shown in Sectiom 3.2 that part of
this vork wvill be extracted fram the system if there is an external

mechanima present in the region of the field.
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Chapter 3
DETECTING TECIHNIQUE AND CIRCUIT CONCIDERATIONS

This chspter 1o devoted to description of the detection technique
and the circuit considerations that play a part in it., In order to
facilitate an underetanding of the baaic intcraction phenomcns between
the field cct up by the electramngnetic vave and the external detecting
circuitry, a simplc model 1o chosen and an analycis of it is made. An
equivalent circuit ia derived for ucc in the later chapters. It is
shown thst no d.c. pover can be extracted froa the system (1.e., there
exiats no optical power rectification)., However, the system has the

cepability of detecting lov frequency modulation.

3.1. Interaction Betucen Electramagmetic Wave and

Irtectine Circultry

The nonlincar polarization can be detected with the use of an ex-
ternal circuit arrangement of the type deceribed belov. The medium in
wvhich the nonlincar polarization is cotablished is mede part of s
cepacitor that ic formed by two electrodes thst are placed on opposite
sides of the diclectric. The cepacitor thus formed is then connected
to an external detector. The arrangement shown in Fig. (3.1) reprecents
the simple case of a parallel plate capacitor formed vith the nonlinear
dicleetric mediwnm,

To find the voltege across the capecitor, the potential problem
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Fig. 3.1L Detector Model Assumed in Section 3.1

Fig. 3.2. Configuration for Potential Described by Eqs.
(3.1) ana (3.2)



considered in Fig. (5.2) ie firct solved. Here the dieclectric medium
is considered infinite along the x and z-directions and of breadth 24 in
the y-direetion. The general solution for potential catisfying the

Laplace's equation can be vritten as

vy At ALY (5.1)

V', - Bo + Bl y (}-2)

(™

vhere Vl 1s the potential inside the dlielectric and vV, the potent ial
[ &
outside the diclectric. From symmctry considerationt Ao = 0 and Bl = 0,

Hence Eq. (3.1) and (5.2) reduce to

The two unknown constanté in kqs. (2.2) and (3.4) can be solved by speci-
fying thc tvo boundary conditions. Equating the potential st y = d, one

obtains

Ad = B (3.9)

The second boundary condition involvec the discontinuity in the
normal displacement vector. Since no true charge has physically been in-

troduced into the system, onc has from Maxwell's cquation

v.D=0 (3.6)

However, the displaccment vector includes two kinds of polarizations,

the internal polarization ?1 caused by thc material property and the ex-

25



ternal polarization ?e that 1s induced into the system by an external

agency (in the present cese the nonlinear field). Thus D can be

written as

3 - ‘O! + p1 + ?C (507)

vhere ¢ is the permittivity of free space. Substituting Eq. (3.7) ia

Bq. (3.6), one hes

9. (coﬁ N 31) -- B (3.8)

Let
-9 ?Q-DP ()c9)
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